The sensing properties of mixed networks consisting of semiconducting and metallic single-walled carbon nanotubes (SWCNTs) have been found to largely vary depending on the ratio of semiconducting to metallic tubes. Solution-deposited 99% semiconductor-enriched nanotube networks exhibited a sensitivity of 1.908%/ppm, whereas the unenriched 66% and 90% enriched samples exhibited a sensitivity of 0.027%/ppm and 0.113%/ppm, respectively. These results suggest that it is extremely important to minimize the metallic pathways to achieve high sensitivity. After an oxygen plasma treatment, the unenriched 66% sample exhibited a 526% increase in sensitivity (0.142%/ppm) compared to the untreated one, whereas the 90% device demonstrated a sensitivity of 1.521%/ppm, which corresponds to an improvement in the sensitivity of 13.5 times the pristine 90% sample. In addition, the plasmatreated sensors exhibited a much faster response time than the untreated one. The significant improvement in the performance of the highly enriched network sensors was explained by the large increase in the anchoring sites for ammonia molecules on the surface of the semiconducting single-walled CNTs and the faster charge transfer from absorbed molecules.
Introduction
Chemical and biological sensors have emerged as dynamic approaches for detecting specific analytes for environmental protection, medical diagnostics, food and industrial safety, and security. Such devices and systems are becoming an increasingly indispensable part of our daily lives because the detection or identification of unknown gases and vapors is critically important for improving and protecting human health, safety, quality of life, and the environment [1] . Nanotechnology is expected to lead to the development of inexpensive, simple sensors or devices that can rapidly detect, identify, and quantify biological and chemical species [2, 3] . Owing to the diverse nature of their potential applications, such nanosensors could significantly impact multiple sectors of the economy including healthcare, pharmaceutical, agricultural, food, environmental, and consumer products [2] [3] [4] [5] .
One of the most successful nanosensors is based on carbon nanotube (CNT) networks. Randomly oriented or aligned networks of single-walled CNTs (SWCNTs) are a promising material for future nanoscale functional devices such as chemical and biological sensors [4, [6] [7] [8] . SWCNT-network-based sensors have been categorized into three groups: modification of the Schottky barrier at the metal/CNT interface [9, 10] ; charge transfer between a nanotube and an adsorbed analyte [11, 12] ; and capacitive gating of the nanotube [13, 14] . Although it does not matter which sensing mechanism is actually responsible for the operation of a SWCNT sensor, it is extremely important to have a percolative network of semiconducting (s) SWCNTs 2 Journal of Nanomaterials to achieve high performance because only s-SWCNTs exhibit significant changes in their electrical properties (conductance) due to the presence of absorbed molecules [15, 16] . For mixtures of metallic (m) and semiconducting nanotubes, mSWCNTs can deteriorate the sensor performance owing to two effects. Namely, metallic tubes are relatively insensitive to their chemical environment and their interactions with other species [15] and electrically short the s-SWCNTs and the device if they form a percolating pathway between two electrodes. Thus, the electrical performance of SWCNTnetwork-based sensors is strongly influenced by the semiconducting/metallic tube ratio ( / ) within the SWCNT films.
Another factor that affects the sensitivity of the CNT sensors is the oxygenated functional groups attached to the sidewall of the SWCNT tubes. These oxygen-containing groups are found to significantly increase the interaction of CNTs with gas molecules [4, [17] [18] [19] [20] . The CNT surface can be modified by changing its chemical composition using chemical and plasma treatments [21] [22] [23] . Both treatments introduce oxygenated functional groups into the SWCNTs but produce different effects on the metallic and semiconducting SWCNT surfaces [21, 24] .
The typical SWCNT-network system is a mixture containing approximately one-third m-SWCNTs and two-thirds s-SWCNTs. This inhomogeneity often results in fabrication complexity, low sensitivity, and poorly reproducible sensor performance. Recently, semiconductor-enriched nanotubes have become commercially available, which makes it easy for research groups to explore device applications based on enriched CNT networks [25] . Several experimental and theoretical studies have demonstrated excellent field-effect transistors (FETs) with a high on-state conductance and high on/off ratios using semiconductor-enriched CNT networks [26] [27] [28] , but there have been few reports to date on the effects of / and plasma treatments on the performance of semiconductor-enriched SWCNT-network sensors.
In this study, we fabricate ammonia gas sensors based on SWCNTs with different semiconducting content (typical SWCNT and 90% enriched and 99% enriched SWCNTs) and demonstrate the large improvement in the sensitivity to NH 3 gas as a function of / . Finally, the influence of the O 2 plasma treatment on the static and dynamic performance of the highly semiconductor-enriched SWCNTnetwork sensors is evaluated using ammonia gas as a target analyte.
Materials and Methods

Fabrication of Ammonia Gas
Sensors. SWCNT-network sensors with 3 mm × 8 mm size (active area = 9 mm 2 ) were fabricated on glass substrates. The SWCNT networks used as chemiresistors were deposited on a 4-inch glass wafer, and interdigitated palladium electrodes were then deposited on top of the SWCNT-network. The normal unenriched SWCNT material was purchased from HanWha Nanotech (Korea) and consisted of 60-70 vol% SWCNTs produced by the arc discharge method using a Ni-Y catalyst. In addition, 90% and 99% semiconductor-enriched SWCNTs were obtained from NanoIntegris (USA). The SWCNT networks were deposited by using a solution method [29, 30] . First, the glass wafer was oxygen-plasma-treated and functionalized with amine-containing molecules (poly-L-lysine). The semiconductor-enriched SWCNT solution was subsequently dispensed onto the self-assembled-monolayer-modified surface and dried for 2 h. Atomic force microscopy (AFM) was used to record the topography and to measure the SWCNT film thickness. The typical SWCNT thickness derived from AFM line profiles was approximately 30 nm. Submonolayer films instead of continuous networks were formed for the 90% and 99% SWCNTs, as shown in Figures 1(c) and 1(d) . Figure S1 (in Supplementary Material available online at https://doi.org/10.1155/2017/8761064) is a larger version of the SEM images for SWCNT shown in Figure 1 . Next, for the interdigitated electrode and contact pad, a 50 nm thick palladium film was evaporated onto the SWCNT networks by a thermal evaporation system and patterned by lift-off with optical lithography using a negative photoresist. Finally, the SWCNT films were patterned using oxygen plasma etching.
Oxygen Plasma Treatment for Surface Functionalization.
After patterning, some SWCNT networks were radiofrequency (RF) plasma-treated with oxygen gas under much lower plasma power than those applied during etching. The typical parameters optimized through several experiments were an O 2 flow rate of 10 sccm, a substrate temperature of 25 ∘ C, and an RF power of 10 W for 10 s. The sensors are labeled as unenriched 66%, 90% enriched, and 99% enriched, corresponding to the normal SWCNTs and the 90% and 99% semiconductor-enriched SWCNT networks, respectively, and the plasma-treated sensor devices are labeled as p-66% and p-90% enriched, respectively. The plasma-treated 99% enriched device was not tested because the SWCNT-network was completely etched away, even under very low power O 2 plasma.
Measurement.
The sensors were placed in the test fixture attached to a gas manifold that had the capability of mixing several gases using nitrogen as the carrier gas. A detailed description of the flow system and resistance measurement is presented elsewhere [31] . An LCR meter (test signal: 20 kHz and 1 V rms ) was used to measure the ammonia gas-sensing properties of different SWCNT networks as a function of the ammonia gas concentration levels in a chamber with electrical feed-through. The NH 3 gas concentration was varied in the range from 3.6 ppm to 64.2 ppm. Values with error bars (see Figures 3, 4 , 5, and 7) represent the average and standard deviations of triplicate measurements performed on independently fabricated electrodes.
Results and Discussion
-Characteristics of SWCNT Networks with NH 3 Gas.
The assembled devices from all three SWCNT networks were first tested to confirm the formation of ohmic contacts and stability under ambient conditions and were then exposed to NH 3 at different concentrations to demonstrate sensor performance. Figure 2 shows the typical current ( )-voltage ( ) characteristics of three SWCNT-network sensors ( / = 66%, 90%, and 99%) recorded at room temperature before exposure to NH 3 gas. As expected, all SWCNT-network devices exhibited very linear and symmetric -behavior regardless of the value of / , indicating the good ohmic Pd-SWCNT contacts had been achieved. Javey et al. [32] demonstrated that it is possible to obtain CNTFETs with zero Schottky barrier (SB) height for holes by using Pd contacts on semiconducting CNTs to realize the greatest benefit of SWCNTs. SWCNT devices with reliable ohmic contacts exhibit -characteristics that are more similar to highly resistive devices because the transport is not limited by the contacts. The measured resistances for the three devices are 1 kΩ, 0.5 kΩ, and 2.4 kΩ, which include the wiring and contact resistances, but the SWCNT-network resistance is the dominant part of the observed sample resistance because of the good ohmic contact. Despite the low / ratio of 66% SWCNT, the initial resistance of the device was higher than that of the 90% device. As noted in several papers [33, 34] , contact resistance is inversely proportional to the length of the CNTs. The reversal of the initial resistance of the 90% SWCNT device is due to differences in the length of 66% (∼20 nm) and 90% CNT (approximately 400 nm) provided by each company.
The -curves recorded after exposing three devices to different NH 3 concentrations are also highly linear and symmetrical for the NH 3 concentrations (3 to 42 ppm), as illustrated in the insets in Figures 3(a)-3(c) . The resistances of these devices were calculated at a bias of 1 V and plotted as a function of the concentrations in Figures 3(a)-3(c) . The unenriched 66% and 90% enriched SWCNT sensors exhibited a typical nonlinear characteristic for CNT-based gas sensors [8, 10, 35, 36] , whereas the 99% enriched device exhibited a linear increase in resistance with increasing NH 3 gas concentration, as shown in Figure 3 (c). Figure 4 shows the calibrated responsiveness [Δ / 0 = ( − 0 )/ 0 , where is the steady-state resistance of the sensor when exposed to various gas concentrations, and 0 is the device resistance in the outgassed state] as a function of the NH 3 concentration at room temperature for all investigated sensors in the ammonia-concentration range of 3-42 ppm. A general linear response is observed with increasing NH 3 concentration with a significantly greater responsiveness for the 99% enriched network compared to unenriched 66% and 90% enriched films. This suggests that a large / is the most important factor for achieving a high sensitivity in mixed SWCNTnetwork-based gas sensors (see the following section). Figure 5 compares the sensitivity (in %/ppm NH 3 ) calculated from calibration slopes in Figure 4 . The unenriched 66% and 90% enriched samples exhibited a sensitivity of 0.033%/ppm and 0.099%/ppm, respectively. The most important result is that the 99% enriched device exhibited a sensitivity 17.7 times higher than the 90% enriched device.
Comparison of the Sensitivity.
The semiconducting or metallic properties of SWCNTs stem from the variation of their electronic structure, which is composed of arm-chair and zigzag structure. In previously reported papers, the authors claimed that the charge transfer of NH 3 gas does not depend on the structure of the CNTs [37] as well as the fact that the interaction between NH 3 gas molecules and nanotube does not have a significant effect on the electronic structures of SWCNTs [38] . Therefore, the unexpected large difference in sensitivity between 90% and 99% enriched samples is a consequence of the many s-SWCNTs being shorted by m-SWCNTs. The electrical transport through the SWCNT networks with a low / is usually dominated by the metallic pathways because of their low resistivity, as shown in the equivalent electric circuit in the inset of Figure 5 . As a result, the s-SWCNTs are shorted by m-SWCNTs; therefore, a few m-SWCNTs in a network can drastically weaken the sensing effect, even for a high enrichment of 90% s-SWNTs. This suggests that it is extremely important to have a percolative network consisting of only s-SWCNTs without metallic shorts to achieve high sensitivity.
Comparison of the Dynamic
Response. An overall comparison of the measured response and recovery characteristics of the SWCNT-network sensors is presented in Figures  6(a)-6 (c) when they were cycled between NH 3 and N 2
Journal of Nanomaterials Semiconducting/metallic tube ratio (%) atmospheres (N 2 → 22.6 ppm NH 3 → N 2 ). All response curves are normalized by the resistance 0 before exposure to the analyte. As the observations suggest, the sensors demonstrated a long absorption time and furthermore an incomplete recovery of initial resistance during desorption process. They recovered 54% to 98% of the response after the NH 3 flow was halted. Table 1 summarizes the measured adsorption (90% point of the final steady-state resistance) and desorption (10% point of the final steady-state resistance) times for the three devices. The response time was found to be almost the same for the three sensors. However, the response time for each device degraded with increasing NH 3 concentration. This perhaps indicates slow charge transfer from the NH 3 molecules to the SWCNTs due to the gradual transition from monolayer to multilayer adsorption as the concentration increases. In addition, the devices with low / recovered more slowly compared to high / sensors. This may be attributed to the difference in the ammonia molecule-CNT binding mechanisms or energy. Several works [39] [40] [41] have showed that NH 3 molecules may be absorbed into SWCNTs via both physisorption and chemisorption. An s-SWCNT has more sites for chemisorption than an m-SWCNT. When switching from an NH 3 atmosphere to a N 2 atmosphere, the NH 3 molecules very weakly physisorbed on the surface are easily released by the kinetic energy of the incoming N 2 gas molecules, leading to a reversible change in the device resistance. The chemisorbed molecules, however, cannot be broken by the N 2 gas flow alone, causing a larger buildup in chemisorbed NH 3 on the m-SWCNT surface and thus an irreversible change in the resistance [42] .
Effect of the Oxygen Plasma Treatment on the Networks.
The surface chemical composition of the SWCNTs has a strong influence on the gas absorption process and therefore the sensing properties. In previous works [24, 43] , an O 2 plasma treatment was found to introduce a number of oxygen-containing defects into the surface of the CNT film, and these functional groups are known to significantly increase the sensitivity to gases. Although many workers have studied CNT gas sensors functionalized using a plasma process, no reported effects of a plasma treatment on the SWCNT networks with different / were found in the literature. The unenriched 66% and 90% enriched SWCNTnetwork sensors were only tested because the 99% enriched SWCNT-network sensor was completely etched away, even under very low power O 2 plasma. Figure 7 (a) is full-scale XPS spectra for 66% and 90% s-SWCNT before and after plasma treatment. Based on previously reported work [24] , the C1s peak is generally shown at about 285 eV, and the typical O1s peak appears at approximately 533.4 eV. Before the plasma treatment, the O/C ratio for the 90% s-SWCNT sample (178.92%) is very larger compared to that of the 66% s-SWCNT sample (36.86%). High O/C ratio contributes to the resistance change of the SWCNT film by the charge transfer induced by adsorption of NH 3 molecules because polar NH 3 molecules form strong hydrogen bonds with the oxygen atoms on the oxidized tube. After plasma treatment, the O/C ratio increased for both the 66% and 90% s-SWCNT samples, and especially the variation for 66% sample was dramatically large. These changes contribute significantly to the sensitivity and response time of the device. Figure 8 shows the measured dynamic responses of the unenriched 66% and 90% enriched SWCNT-network sensors, and the reproducible responses measured at the same NH 3 gas concentration are presented in Figure S2 . After plasma treatment, both p-66% and p-90% samples exhibited a significant improvement in the responsiveness and response time compared to the equivalent untreated sensors.
Figures 9(a) and 9(b) compare the normalized sensitivity (in %/ppm NH 3 ) and response time before and after plasma treatment for the unenriched 66% and 90% enriched devices.
It is observed from Figure 9 (a) that the amount of s-SWCNT content and the plasma activation significantly affect the sensitivity of the SWCNT gas sensors. The p-66% samples exhibited an increase in sensitivity from 0.027 to 0.142%/ppm after the plasma treatment. Furthermore, the p-90% enriched devices exhibited a sensitivity of 1.521%/ppm, which is approximately equal to an improvement in sensitivity of 13.4 times the untreated 90% enriched samples (0.113%/ppm) and 10.7 times the p-66% samples (see Figure SI , in Section S3). In addition, the two plasma-treated devices exhibited a large reduction in the response time of 70-78%, as shown in Figure 9 the oxygen plasma-treated devices is related to the nature of the SWCNT surface. The plasma-treated SWCNTs have more oxygen-containing functional groups, especially carboxyl groups, which act as sites for gas-molecule chemisorption [16, 19] . Such anchoring sites formed on the CNT surface are known to significantly increase the electronic interaction of CNTs with gas molecules. This affects the SWCNT-network in two ways: faster charge transfer from the NH 3 molecules adsorbed on the defect sites to the SWCNT bulk, causing a faster response time, or hole-carrier depletion [20] , causing an increase in resistance (Δ ) and thus sensitivity. The enhancement of sensitivity is much more pronounced for the p-90% enriched devices, suggesting that the semiconducting SWCNT-network is very sensitive to oxygen-containing functional groups, as compared to the metallic SWCNTs. In addition, the plasma-treated devices with high / showed more slow response time than that with low / . Although some researchers argue that m-SWCNTs with chemisorption sites increase response time [44] , our result for concurrent reaction of s-and m-SWCNT may be attributed to the reason why the electrical properties of m-SWCNTs are relatively insensitive to the interaction with NH 3 [15] .
Conclusions
In this work, we explored the influence of varying / and an oxygen plasma treatment on the static and dynamic characteristics of NH 3 gas sensors based on randomly oriented mixed SWCNT networks. We found that there is a close relationship between / of the SWCNT networks and the sensitivity of gas sensors based on these networks. The most important result is that the 99% semiconductor-enriched devices exhibit a much higher sensitivity compared to the 90% enriched device, suggesting that a few m-SWCNTs in a network can drastically weaken the sensing effect, even for high enrichment, and a percolative network consisting of only s-SWCNTs without metallic shorts is required to achieve high performance. We also demonstrated the effect of an oxygen plasma treatment on the highly semiconductorenriched SWCNT-network sensors. After an oxygen plasma treatment, the 90% enriched SWCNT-network exhibited a much higher sensitivity to NH 3 gas than unenriched 66% and pristine 90% enriched samples, showing that the O 2 plasma treatment has a stronger influence on the semiconductorenriched SWCNT-network than the normal unenriched network, possibly indicating that more oxygenated defects are created in the s-SWCNT-network than in the m-SWCNTnetwork. These results provide valuable insights into the role of / and the plasma treatment towards achieving a large improvement in the performance of SWCNT-network gas sensors.
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